Introduction
Although the distribution of ventilation with respect to perfusion in the lungs has been extensively investigated, little attention has been given to the distribution of diffusing capacity in * Submitted for publication June 29, 1966 ; accepted December 1, 1966. This work was supported in part by U. S. Public Health Service grant HE 10324-01 and by a grant from the Life Insurance Medical Research Fund. relation to blood flow (1) (2) (3) (4) . Recently a breathholding method for the determination of DLo2 has been developed that permits the simultaneous measurement of DLo2 and DLco (5) . The numerical value of DLo2 was found on a theoretical basis to be quite sensitive to uneven distribution of diffusing capacity with respect to blood flow (uneven DL/Qc), whereas DLcO was relatively insensitive. By comparing the numerical values of DLO2 and DLcO, we can evaluate the degree of uneven DL/Qc in the lungs. The present work uses this approach to study the diffusion-blood flow relationships in the lungs of five normal resting subjects.
Methods

Theory
Both steady state and breath-holding methods for measuring 02 diffusing capacity of the lungs require the assumptions of even distribution of diffusing capacity (DL), 463 A C B P V.
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FIG. 1. DIAGRAMS OF THE PULMONARY CAPILLARY BED.
Diagram A illustrates the model of the lung and its pulmonary capillary bed that must be assumed for the determination of oxygen diffusing capacity (DLo2) by either the breath-holding method with 3402 or by the steady state method. Diffusing capacity, capillary blood flow, Qc, lung volume, and ventilation are assumed to be distributed evenly. This assumption makes the capillary transit time (TL) from the pulmonary arterioles (labeled P.A.) to the pulmonary veins (labeled P.V.) constant and the end capillary oxygen pressure (Po2 or P34o2) constant throughout the lung. Diagram B, adapted from Von Hayek (9) , represents a more anatomically correct view of the pulmonary capillary bed, and since it is likely that some of the blood travels from P.A. to P.V. at different speeds, uneven distribution of diffusing capacity to capillary blood flow (uneven DL/Qc) is a distinct possibility. Diagram Qc. pulmonary capillary blood flow (Qc), and pulmonary capillary blood volume (Vc) along the capillaries. These assumptions are made in order to have a constant alveolarend capillary gradient for 02 (6) or 02 isotope throughout the lungs (5) . A number of anatomical observations in vivo and in vitro indicate that the pulmonary capillary bed is in fact a meshwork of capillaries along the wall of each alveolus (7, 8) . It is therefore likely that as blood moves from the pulmonary arterioles to the pulmonary veins, some capillary pathways will be longer than others. In comparison to the shorter ones, these long capillaries have a greater surface area and thereby a larger DL. If blood flow is not distributed to the different capillary pathways in proportion to their respective lengths (7) , uneven distribution of DL with respect to Qc will result (see Figure 1 ).
Since each alveolus has many capillary pathways of varying length, there is the possibility of a large number of different DL/Qc compartments within each gas exchange unit.
An analysis that takes into consideration many DL/Qc compartments, although probably more representative of the lungs in vivo, makes calculations extremely tedious. W\e, therefore, assumed a two compartment system representing two capillaries of different length coursing along the alveolar wall (see Figure IC) . In addition, we assumed that all the capillaries have the same cross-sectional area and capillary wall thickness (even distribution of diffusing capacity with respect to pulmonary capillary blood volume). The DL/Qc ratio of different capillary pathways can then be expressed in terms of capillary transit time (TL).l For instance, pathways with a low DL/Qc ratio will have a relatively short TL, and capillaries with a high DL/Qc ratio will have a relatively long TL. It should be noted that this model places uneven DL/Qc within each gas exchange unit rather than in gross regions of the lungs such as lobes or segments.
Effect of uneven DL/QC on DLO2. The measurement of DL02 with 34O2 requires breath holding after the inspiration of a gas mixture enriched with the stable 02 isotope of mass 34 (3402). The partial pressure of 34O2 (P3402) is very low in the blood at the start of the capillary and then progressively increases until at the end of the capillary its mean value determined experimentally is approximately 70% of the alveolar P3402 (5). However, if uneven DL/Oc is present, in those capillaries with a long TL (or high DL/Qc), the alveolar P3402 and capillary P2402 will have sufficient time to come almost into equilibrium before reaching the end of the capillary. Once equilibrium is approached, minimal 3402 uptake takes place along that portion of the capillary. Because 3402 uptake is slight at the end of those capillaries with a long TL, the '4O2 uptake for any given alveolar P34o2 is reduced. This reduction results in a decrease in calculated DLO2. Therefore if uneven DL/Qc is present, the observed diffusing capacity will be lower than if DL/Qc is evenly distributed (see Figure 2) .
Effect of uneven DL/QC on DLCo. In the determination of DLco alveolar CO is so low (approximately 1.5 mm Hg) that only a small amount of CO diffuses into the blood in the pulmonary capillaries. Because the CO entering the capillary blood is such a small fraction of its total capacity for CO, unlike the case for 3402 described Quantitative analysis of uneven DL/Qc. Observed DLO2 is calculated by the following formula, whose derivation is given in detail elsewhere (5):
where Qc is the pulmonary capillary blood flow in milliliters per minute measured by the acetylene breath-holding method (16) , and abo2 is the Bunsen solubility coefficient for total 02 in the blood in milliliters per milliliter per standard atmosphere calculated from the capillary Po2 present during breath holding and the 02 capacity of the subject's blood. K is a constant and is defined in the following manner: K alveolar P34o02-end capillary P34o2 alveolar P34o02-mixed venous P34o2 [3] K is determined from the rate of disappearance of 3'02 during breath holding and has a numerical value of about 0.3 in normal subjects. If the lung is divided into two compartments with different DL/Qc ratios such as illustrated in Figure 1C , the relationship between observed DLo2 and true DLO2 will be the following: 
Discussion
The above results indicate that a considerable degree of uneven distribution of diffusing capacity (DL) with respect to pulmonary capillary blood flow (Qc) is present in normal resting human subjects. Among the alternative explanations for the data is the possibility that the DL/Qc patterns determined are an artifact due to inaccuracies in the measured quantities of either observed DLO2 or true DLo2.
Accuracy of observed DLo2. Sources of error in the measurement of observed DLo, have been described in detail elsewhere (5). It was concluded that the error in the measurement is less than i1 15%, which is not sufficient to alter dramatically the degree of uneven DL/Qc calculated for our subjects. (20) . If some of the red blood cells rapidly traversed the capillaries during systole, whereas others had a prolonged exposure to the alveolar gas during diastole, variation in DL/Qc during the cardiac cycle would (-30%))l * Representative measurements in our subjects were used, namely, DLO2 calculated from the CO data (true DLO2) = 57 ml per (minute X mm Hg), total 15c = 7,200 ml per minute, total VA = 5,400 ml, DLCO = 44 ml per (minute X mm Hg), and capillary blood volume (Vc) = 100 ml.
t A-C 02 gradients were taken from Figure 5 .
T The numbers in this column were calculated from the A-C 0 gradient of each compartment. Alveolar Po02was assumed to be 100 mm Hg, and end capillary 02 content for each compartment was obtained from a standard 02 dissociation curve at pH of 7.40.
§ Per cent reduction from DL.CO of 44 ml per (minute X mm Hg). Per cent reduction from true DLO2 of 57 ml per (minute X mm Hg).
result (2) . Because this form of uneven DL/Qc might explain the difference between observed DLo2 and true DLo2 seen in our subjects, we evaluated this possibility by obtaining representative values of pulsatile flow from the data published by Linderholm, Kimbel, Lewis, and DuBois (20) and then calculated an observed DLo2. We used the values of total Qc, Vc, and true DLo2 listed in Table III, a pulse rate of 100 per minute, a systole of 0.12 second with a Qc of 300 ml per second, and diastole of 0.48 second with a Qc of 75 ml per second. No significant change in DLo2 was produced by this pattern of Qc, but if pulsatile blood flow were combined with uneven DL/Qc such as illustrated in Figures lB and IC, rapid pulsatile flow through capillaries of short length would permit some blood to pass through them during systole and thereby produce a very brief exposure to alveolar gas.
Such a condition would decrease observed DLo2 without changing true DLo2. At the present time we have no method of separating uneven DL/Qc due to pulsatile flow from uneven DL/Qc from other causes, so that pulsatile flow may be a significant contributing factor to the uneven DL/Qc observed in our subjects. Effect of uneven perfusion and diffusion per unit of lung volume secondary to the upright position. Evidence has been presented that in the upright posture the upper zones of the lungs have considerably less Qc and DL per unit of lung volume (VA) than is found in the lower zones (21, 24) . To establish whether this type of uneven distribution might explain our data, we calculated the changes in DLo2 and DLco that would result in a subject whose lungs had three zones of equal VA, but proportionately less amounts of DL and Qc in the upper zones. Numerical values for total VA, DL, and Qc are representative for our subjects, and the dimensions of the three zones were chosen on the basis of observations made by others using regional scanning of the lungs after the inspiration of radioactive CO and CO2 (1, 21) (see Table III ). This model of uneven distribution produced a decrease in DLO2 of 12% and a decrease in DLco of 7%. Since these changes in part cancel out during the determination of uneven DL/Qc and also are too small to account for the 18% to 64% difference between observed DLo, and true DLo2 seen in our subjects, we do not think the sitting position alone explains the uneven DL/Qc we calculated.
In addition, the effect of uneven distribution of alveolar volume (VA) with respect to DL (uneven VA/DL) resulting from the upright position was evaluated with compartmental dimensions based on the data reported by Burrows and co-workers (25) . These calculations showed that there would be changes in DLo, and DLco but insufficient in magnitude or direction to produce significant changes in the calculated values of uneven DL/Qc. We conclude that uneven distribution of DL with respect to Qc within each gas exchange unit of the lung is the best explanation for our experimental findings. Although it is likely that there is uneven distribution of DL/Qc and DL/VA in gross anatomical zones of the lung, the value of observed DLo2 would be only slightly reduced. The comparison of observed DLo, to true DLo2 is, therefore, not a good method for investigating this particular type of uneven distribution.
Comparison to other measurements of uneven DL/Qc. Piiper, Haab, and Rahn calculated the degree of uneven DL/Qc in anesthetized dogs from measurements of the alveolar-arterial 02 gradient (3). They concluded that diffusion of 02 into the blood takes place from two functional compartments, namely one small compartment containing 2% of the diffusing capacity and receiving 14% of total Qc and one large compartment containing 98% of the diffusing capacity and receiving 86% of Qc.6 If there were a similar pattern of uneven DL/Qc in the lungs of our human subjects, it would have no influence on the value of DLco, but DLO2 would decrease from its average "true" value of 57 ml per (minute X mm Hg) to an observed DLo2 of 40.1 ml per (minute X mm Hg), which is slightly greater then the experimentally determined average value of 33 ml per (minute X mm Hg). Preliminary studies in resting man using breath holding with 5% carbon monoxide (26) and the steady state 02 diffusing capacity method (27) indicate that two-thirds of Qc is delivered to 20% of the diffusing capacity. In the subjects of the present study this pattern of uneven DL/Qc would result in an observed DLo2 of approximately 30 ml per (minute X mm Hg) (see Figure 3) , which is in good agreement with the experimentally determined average value of 33 ml per (minute X mm Hg).
Influence of uneven DL/Qc on the pulmonary alveolar to end capillary 02 gradient (A-C 02 gradient). The presence of uneven DL/Qc within the alveoli of the lungs has considerable bearing on the estimation of the size of the A-C 02 gradient. Previous reports do not agree about the magnitude of this gradient in normal individuals or even in diseased subjects. On the basis of measurements of distribution of ventilation to perfusion, right to left shunting around the alveoli, and the single breath DLco, some authors have stated that even in the so-called alveolar-capillary block syndrome an A-C 02 gradient does not exist (28, 29) . On the other hand, more recently Johnson, Taylor, and DeGraff have cited evidence showing that the arterial 02 desaturation seen in certain diffuse restrictive diseases of the lung tissues may in part be explained by an A-C 02 gradient produced by the presence of red blood cell transit times of different duration in the pulmonary capillary bed (30) . After a careful analysis of the influence of both uneven DL/Qc and uneven ventilation-perfusion ratios upon the A-C 02 gradient, Piiper and co-workers concluded that the 02 gradient they measured in anesthetized dogs was principally due to uneven DL/Qc rather than uneven ventilation-perfusion ratios (3).
Because we have no data that permit the determination of the precise pattern of uneven DL/Qc present in the lungs of our subjects, its exact contribution to the A-C 02 gradient cannot be calculated at the present time. As an alternative we chose four patterns of uneven DL/Qc fashioned after reports in the literature and calculated the A-C 02 gradient that would result in a resting subject with values for true DLO2, Qc, and Vc approximately the same as found in our subjects (see Table III (12) . This calculation is presented graphically in Figure 5 , and from it we determined the end capillary Po2 for a DL/Qc compartment whose capillary transit time (TL) is known.7 A-C 02 gradient secondary to the upright posture. Table IIIA shows the effect of uneven DL/Qc and uneven VA/Qc secondary to the upright posture on the A-C 02 gradient. Because the shortest TL for this model is 0.78 second, essentially no A-C 02 gradient is present.
A-C 02 gradient secondary to the DL/Qc distribution observed in microscopic studies of the pulmonary capillary bed. Von Hayek (9) and Weibel (22) have pointed out that the capillary pathway from the pulmonary arterioles to the pulmonary veins is a meshwork of vessels whose length may 7 Calculation of end capillary Po2 from Figure 5 requires the assumption of even distribution of Vc with respect to membrane diffusing capacity (vide supra). Once this assumption is accepted, the per cent of the membrane diffusing capacity of a compartment equals the same percentage of total Vc. TL of the compartment can then be calculated by the following relationship: TL = VC of compartment/ Qc of compartment. If Vc is not distributed evenly with respect to membrane diffusing capacity, the end capillary Po2 can still be calculated, but the procedure becomes more laborious.
vary from about 60 1i to 250 ,g or longer. It has been postulated from in vivo observations that shorter routes stay open whereas longer ones may be intermittently closed off. Blood flow in some capillaries has been seen to stop and even reverse direction (7) . On the basis of the above information we constructed a lung model in which, in each gas exchange unit, 50% of the blood flow goes through capillaries 80 g long, and the other 50% traverses capillaries 240 u long. In addition, 30% of the capillary blood volume contains blood that is not flowing (see Table IJIB ). Although this pattern of uneven DL/Qc according to Equation 4 would produce an observed DLo2 of 27 ml per (minute X.mm Hg) compared to the true DLo2 of 57 ml per (minute X mm Hg) (values similar to those seen in our subjects, the A-C 02 gradient is barely perceptible (0.25 mm Hg).
A-C 02 gradient secondary to the uneven DL/QC suggested by cinematographic observations of the pulmonary capillary bed in vivo. Schlosser, Heyse, and Bartels recently developed a method that permits the visualization of the subpleural pulmonary capillaries of rabbit lungs. They reported that the average transit time for a red blood cell through these capillaries is only 0.1 second (23) . On the basis of their observations we calculated the observed DLo, and A-C 02 gradient that would result if 5% of the capillary channels carrying blood from the pulmonary arteries to the pulmonary veins were 60 ,u long and had a transit time of 0.1 second. The remaining 95% of the channels were assumed to be 120 1u long and would receive 79% of the total blood flow (see Table IIIC ). According to Equation 4 this pattern of uneven DL/Qc results in an observed DLO2 of 38 ml per (minute X mm Hg), a value 33% less than the true DLO2 of 57 ml per (minute X mm Hg). In the fast compartment the A-C 02 gradient would be 16.5 mm Hg, and after mixing with the blood from the slow compartment, the total pulmonary A-C 02 gradient would be 5 mm Hg. These data suggest that a significant amount of the difference between alveolar and arterial Po2 could be due to uneven DL/Qc.
A-C gradient secondary to the pattern of uneven DL/QC observed in anesthetized dogs. Piiper and co-workers concluded that in anesthetized dogs diffusion of 02 in the pulmonary capillary blood takes place from two functional compartments, a smaller one receiving 14% of Qc, but containing only 2% of the diffusing capacity, and a larger compartment with 86%o of Qc and 98% of the diffusing capacity (vide supra). For our human subjects the A-C 0°gradient for the smaller compartment according to Figure 5 would be 12 mm Hg and after mixing with the blood flowing through the larger compartment would decrease to 2 mm Hg. The comparable figure for the A-C 02 gradient from both compartments calculated by Piiper and co-workers was 10 mm Hg. This discrepancy can be accounted for by a number of factors, including the larger value of DLo2 in the human subjects [0.8 ml per (minute X mm Hg) per kg vs. 0.3 ml per (minute X mm Hg) per kg in dogs]; the difference in the 02 dissociation curves used, which is quite critical in the calculation of the A-C 02 gradient (31); and the fact that the fall in DLO2 with rising intracapillary 02 recently demonstrated in vivo (5) was taken into account in the humans but not in the dogs.
Relationship between DL and the size of the A-C 02 gradient. The-data in Table III It has been stated that in normal subjects breathing air at rest or even during heavy exercise, as well as in patients with chronic airway obstruction, no A-C 02 gradient will be present because of the large size of the diffusing capacity (12, 28, 32) . All of these calculations have assumed even distribution of diffusing capacity to blood flow. The data presented in this report indicate that fairly marked degrees of uneven DL/Qc may be present in resting man, and it is possible for this uneven DL/QC to be distributed in a manner that produces an appreciable A-c 02 gradient. In the face of this information we believe it is hazardous to judge the size of the A-C 02 gradient on the basis of CO diffusing capacities alone. The distribution of diffusing capacity with respect to Qc must be taken into account.
Although our results do not permit the calculation of the A-C 02 gradient, they do suggest that the development of more precise methods for the measurement of the pattern of uneven DL/Qc may permit an accurate estimation of its size.
